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Extant land plants consist of twodeeply divergent groups, tracheophytes andbryophytes,which
shared a common ancestor some 500million years ago.While information about vascular plants
and the two of the three lineages of bryophytes, the mosses and liverworts, is steadily
accumulating, the biology of hornworts remains poorly explored. Yet, as the sister group to
liverworts and mosses, hornworts are critical in understanding the evolution of key land plant
traits. Until recently, therewas no hornwortmodel species amenable to systematic experimental
investigation, which hampered detailed insight into the molecular biology and genetics of this
unique group of land plants. The emerging hornwort model species, Anthoceros agrestis, is
instrumental in our efforts to better understand not only hornwort biology but also fundamental
questions of land plant evolution. To this end, herewe provide an overview of hornwort biology
and current research on the model plant A. agrestis to highlight its potential in answering key
questions of land plant biology and evolution.
I. Introduction
Land plants (embryophytes) evolved from streptophyte algae
(charophytes) some 500 million years ago (Delwiche & Cooper,
2015; Harholt et al., 2016). The colonization of land by plants led
to their diversification into the monophyletic group of bryophytes
and the tracheophytes (vascular plants) (Renzaglia et al., 2000;
Nishiyama et al., 2004; Leebens-Mack et al., 2019). Bryophytes
include liverworts, mosses and hornworts, while tracheophytes
consist of lycophytes, ferns, gymnosperms and angiosperms. The
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hornworts are the smallest and least diverse clade within
bryophytes, consisting of c. 220 species (S€oderstr€om et al., 2016)
that are geographically widespread primarily in tropical areas
(Villarreal et al., 2014). Hornworts comprise the division Antho-
cerotophyta, the name of which is derived from three Greek words:
άmhος/anthos (meaning flower), jέqaς/ceras (meaning horn) and
φυsό/phyto (meaning plant) and refers to the horn-like shape of the
hornwort sporophyte (the multicellular diploid phase of the life
cycle).
Inference about the common ancestor of land plants is
ambiguous. This is, in part, due to the deep divergence of the
three groups of bryophytes, as well as bryophytes and
tracheophytes, that provided ample time for independent
gains/losses of genes to occur. Comparison of the developmen-
tal, physiological and molecular features of hornworts with
those of mosses and liverworts will provide a more accurate
picture of the nature of the common ancestor of bryophytes
and that of all land plants. It will also help to understand the
diversity and molecular basis of evolution and development
across bryophytes and tracheophytes.
Hornworts also possess a large number of unique traits that are
not found in any other land plants. These include the following. (1)
Zygote and sporophyte development: the orientation of the first
zygote division is longitudinal, unlike in other land plants except
leptosporangiate ferns (Johnson & Renzaglia, 2009). The sporo-
phyte differs from mosses and liverworts in that it lacks a seta and
continuously and progressively produces spores upwardly from a
basal meristem, being essentially a growing sporangium. Sporo-
phytes bear stomata, which may be homologous to those of
tracheophytes (Renzaglia et al., 2017; Harris et al., 2020). (2)
Chloroplast: it is the only extant land plant lineage, together with
some lycophytes (Liu et al., 2020), that has a single chloroplast (or
just a few) per cell. The chloroplast of several hornwort species may
contain a pyrenoid, a structure also found in many streptophyte
algae and other algal lineages but not in other land plants (Li et al.,
2017;Meyer et al., 2017). Hornwort plastid genomes have also one
of the highest RNA editing rates amongst land plants (Small et al.,
2019) (3) Symbiosis: hornworts establish symbiotic relationships
with endophytic cyanobacteria (Renzaglia et al., 2009) and various
fungal partners (mycorrhiza) (Desiro et al., 2013). A small number
of studies have provided insight into hornwort morphology and
growth (Proskauer, 1948a,b; Renzaglia, 1978), but detailed
molecular and genetic studies examining hornwort development
are lacking.
Here, we review our current understanding of hornwort biology
and development, highlighting the role that Anthoceros agrestis
could play in shedding light on key innovations during land plant
evolution.
II. The hornwort model species Anthoceros agrestis
First used by Micheli (1927) but properly designated by Linnaeus
in 1753, Anthoceros L. was the first described and with 60 clearly
delineated species (S€oderstr€om et al., 2016), it is the most species-
rich hornwort genus. Anthoceros agrestis Paton is emerging as the
model system for the study of hornwort biology (Sz€ovenyi et al.,
2015). It is an annual species with a wide northern temperate
distribution and has key features that make it amenable to
laboratory study. This plant is small, easy to propagate, has a small
genome size, and sexual reproduction is facilitated in the laboratory
because the plants are monoicous (male and female reproductive
organs are produced on the same individual) (Proskauer, 1948a,b;
Sz€ovenyi et al., 2015). Anthoceros agrestis has been adopted as a
plant model by research groups around the world to study
biological processes such as the evolution of circadian clocks (Linde
et al., 2017), microbial-type terpene synthase biochemistry (Xiong
et al., 2018) and RNA editing (Gerke et al., 2019).
1. Anthoceros agrestismorphology and life cycle
Similar to all bryophytes, the life cycle of A. agrestis is dominated
by the haploid gametophyte phase (Fig. 1). The gametophyte of
A. agrestis is thalloid, often a rosette, with irregularly dissected
margins and dorsal lamellae (Fig. 2a,b,d). The thallus lacks
organized external appendages and specialized internal tissue
differentiation except for mucilage canals (Fig. 2e) that form by
separation between cells and Nostoc cavities that are colonized by
cyanobacteria (Renzaglia et al., 2009). Rhizoids develop on the
ventral midline of the thallus (Fig. 2b,c). A. agrestis is monoicous,
with male (antheridia) (Fig. 2h,f,g) and female (archegonia)
(Fig. 2j,m) reproductive organs embedded in the thallus, differing
from those in liverworts and mosses that are superficial.
Antheridia are sunken in groups of 4–16 in chambers along the
dorsal midline of the thallus. Each cluster of antheridia develops
from a subepidermal cell in the apical notch (invaginated thallus
margins where stem cells reside) (Campbell, 1918; Renzaglia
et al., 2009). The overlying epidermal cell forms the roof of the
antheridial chamber that is two cells thick. Archegonia are also
embedded in the thallus and they develop usually behind the
growing point of the thallus. An archegonium is composed of
neck canal cells and a ventral canal cell with an egg surrounded by
thallus cells (Fig. 2j). When ready for fertilization, the neck canal
cells and ventral canal cells disintegrate and the cover cells
dissociate, leaving a canal for sperm cells to swim down to the egg
(Fig. 2m). Antheridia typically develop and mature before
archegonia. Similar to mosses, liverworts and lycophytes, fertil-
ization takes place via biflagellate motile sperm (Fig. 2i) that swim
to the egg via water and fuse, forming the diploid zygote. The
embryo develops within the gametophyte and gives rise to the
sporophyte (Figs 2d,k, 6a). Like other bryophytes, the hornwort
sporophyte is matrotrophic, meaning it develops on and is
nourished by the gametophyte. Unlike other plants, the sporo-
phyte grows from a basal meristem that is established in the early
stages of its development. The hornwort sporophyte is an
elongated cylinder with no branching and, similar to most
mosses, it possesses stomata (Fig. 2k,n). Sporogenous tissue is
continually produced, meiosis is always occurring in a progressive
and spatial (but not temporal) fashion, and all stages of spore
differentiation are visible along the length of the sporophyte.
There are no parallels to this development in any extant plant
group or in the fossil record (Renzaglia et al., 2000; Villarreal &
Renzaglia, 2015). At maturity the sporophyte splits below the
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apex and releases the spores (Fig. 2o). Spores germinate (Fig. 2a),
typically resulting in a globose sporeling that forms an apical cell
and develops into the thalloid gametophyte. Under low light
conditions, the sporeling of A. agrestis forms a germ tube and has
a short protonemal stage that is a single cell and produces the
sporeling at its tip (Fig. 2a bottom) (Wada et al., 1984).
2. Anthoceros agrestis laboratory cycle
A. agrestis plants are c. 0.5–1 cm in size in laboratory conditions,
and can be maintained by vegetative (clonal) propagation under
axenic conditions (Fig. 1b). There is no requirement for elaborate
growth media or specialized growth facilities. Plants can routinely
(a)
(b) (c)
Fig. 1 Life and laboratory cycle of thehornwortAnthoceros agrestis. (a)A. agrestishas two life cycle phases: a dominant haploidphase calledgametophyte and
a diploid phase called sporophyte. The life cycle ofA. agrestis starts with germination of the haploid spores (1) which develop into an irregularly shaped thallus
(2). A. agrestis is monoicous, with both male and female reproductive organs present on the same individual. Male (antheridia) and female (archegonia)
reproductive organs are embedded in the thallus andmitotically produce sperm and egg, respectively (3). Biflagellated motile sperm cells swim in water to the
archegonium where the egg is fertilized (4). The resulting diploid zygote divides first by a longitudinal division and subsequent divisions to form the embryo,
which is initially composed of three tiers. The bottom tier produces the foot. Themiddle tier gives rise to the basal meristem and the top tier forms the tip of the
sporophyte (5). The sporophyte develops within the gametophyte and is nourished through the placenta, the junction between foot and gametophyte cells.
Meiosis and sporogenesis occur progressively from the base of the sporophyte upwardly, leading to spore formation: sporogenous tissue at the base of the
sporophyte produces sporemother cells that, viameiosis, produce spore tetrads and spores that are released at the tipwhere the sporophyte separates into two
valves (6). n, haploid; 2n, diploid. (b, c) Laboratory cycle of A. agrestis. (b) Plants can be easily propagated in axenic culture by transferring small thallus
fragments (typically 19 1mm) onto plates with fresh growth media using sterile scalpels. (c) In laboratory conditionsA. agrestis sporophyte induction can be
achieved in 1–2months under axenic conditions using a small thallus fragment as starting material.
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be propagated by transferring, on a monthly basis, small thallus
fragments (usually 19 1 mm) on Petri dishes containing media
with a source of nitrogen, potassium, calcium, magnesium and
ferrous ions (such as BCD or 1/10 KNOP media; Sz€ovenyi et al.,
2015). Carbon source supplementation is not necessary, but
addition of 2% (w/v) sucrose can enhance growth. Plants do not
tolerate high light intensity (growth is optimal when light intensity
















Fig. 2 Keymorphological features of Anthoceros agrestis. (a) Light micrograph (LM) of germinating spores. Upper three images, successive stages in globose
sporeling production. Lowermost: under low light conditions spore germination involves a germ tube, a long single-celled filament that develops a terminate
globose sporeling. Bars, 50 lm. (b) Surface view of the irregularly shaped thallus. Blue arrow: rhizoids.Orange arrow:wavy thallus edge. Bar, 2.0 mm. (c) Top:
LM of single-celled rhizoids on the ventral thallus (red arrow). Bar, 150 lm. Bottom: LM of single-celled rhizoid tips (yellow arrowhead) Bar, 100 lm. (d)
Sporophytes (blue arrow) growingon the gametophyte (yellowarrow). Bar, 3.0 mm. (e) LMof longitudinal sectionof thalluswithmucilage canals (red arrows).
Mucilage clefts on the ventral side are indicated with red arrowheads. Bar, 50 lm. (h) LM of antheridia (red arrow) in an antheridial chamber in longitudinal
section. Bar, 50 lm. (f) Surface view of antheridial chamber with yellow antheridia embedded in the dorsal thallus. Bar, 10 lm. (g) Antheridium removed from
chamber in (f) showing antheridial body with sperm cells inside and stalk to the lower right. (h) LM of antheridia (red arrow) in an antheridial chamber in
longitudinal section. Bar, 50µm. (i) LMof biflagellate sperm.Coiled cell body is on the left and the flagella are on the right (yellow arrow). Bar, 5.0µm. (j) LMof
twoarchegoniaembedded in thedorsal thallus in longitudinal sectionshowing fromthebaseup: eggcell, ventral canal cell, neckcells andcover cells. Bar,10µm.
(k) Sporophyte with stomata. Bar, 20 µm. (l) Confocal fluorescence microscopy image of transgenic gametophyte showing single plastids in each cell. Green:
green fluorescent protein localized in the plasmamembrane expressed under theCaMV 35S promoter. Red, chlorophyll autofluorescence. Bar, 50 µm. (m) LM
longitudinal section of thallus with an open archegonium (yellow arrowhead) containing only the egg cell near the apical notch. Dorsal side (red asterisk) and
ventral side (orange asterisk). Bar, 25 µm. (n) Higher magnification LM of a stomawith two guard cells surrounding a pore. Bar, 10 µm. (o) Scanning electron
micrograph of distal side of a spinose spore. Bar, 10 µm.
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8 h : 16 h, light : dark regime being preferable. Two different
isolates are currently available, the Oxford (originally from
Scotland with cultures established at Oxford University) and the
Bonn strain (originally from Germany). The conditions for
successful induction of gametangia and subsequent sporophyte
production have been determined (Sz€ovenyi et al., 2015). The
entire life cycle of A. agrestis, from spore to spore, can be completed
within 3 months under laboratory conditions, which is similar to
other established bryophyte model species such as the liverwort
Marchantia polymorpha. Sporophyte induction is more efficient in
the Bonn than in the Oxford isolate. It can be achieved by
transferring plants (thallus) grown for 1 month at 22–16°C under
an 8 h : 16 h, light : dark photoperiod regime. Approximately
1 month later antheridia produced in the thallus are visible as
yellow–orange spots. For fertilization, the addition of water on the
thallus is necessary. Sporophytes develop after an additionalmonth
(Fig. 1c). Protocols for DNA and RNA extraction are also available
despite hornworts appearing to have high polysaccharide and
polyphenol content, which usually make nucleic acid extraction
challenging. Finally, a simple Agrobacterium-mediated transfor-
mation technique is currently under optimization, with fluorescent
proteins such as the green fluorescent protein (GFP) being
successfully expressed in A. agrestis plants (Fig. 2l). The tissue used
for transformation is the haploid thallus, and thus there is no need
for crosses to establish inbred lines like in many tracheophyte plant
model systems.
3. Anthoceros agrestis genome
The genomes of the two A. agrestis isolates have been sequenced (Li
et al., 2020) and a high-quality genome assembly has been
generated with an estimated genome size of 126.1 Mb (Oxford
isolate) and 124.5Mb (Bonn isolate), amongst the smallest in land
plants (Bowman et al., 2017; Pellicer et al., 2018). The number of
predicted protein-coding genes varies between 24 700 and 25 800
with an estimated chromosome number of six (Li et al., 2020).
There is no evidence of whole-genome duplication but 36–38% of
the genome is estimated to be composed of repetitive and
transposable elements, with themost abundant being long terminal
repeat (LTR) retrotransposons. A whole genome assembly is also
available for Anthoceros punctatus (Li et al., 2020) and Anthoceros
angustus (Zhang et al., 2020). The A. punctatus genome is about
10–20Mb larger than the A. agrestis genomes mainly due to repeat
expansions. Nevertheless, the A. agrestis and A. punctatus genomes
are largely collinear with a very similar gene complement, while
fewer genes were predicted forA. angustus. Hornworts also have the
smallest set of transcription-associated proteins (TAPs) (Wil-
helmsson et al., 2017) among all land plant groups sequenced to
date. Therefore, the A. agrestis represents an appropriate model
system for genetic studies owing to its small and paralog poor
genome.
III. Phylogeny of land plants and hornworts
Themonophyly of tracheophytes (lycophytes, ferns, gymnosperms
and angiosperms) is well supported, while the interrelationships
among bryophyte lineages and tracheophytes have been the subject
of a long-standing debate (Nishiyama et al., 2004; Qiu et al., 2006;
Wickett et al., 2014; Morris et al., 2018).
Until recently the widely accepted hypothesis was that
bryophytes are paraphyletic, with liverworts,mosses and hornworts
being successive sister lineages to tracheophytes (Qiu et al., 2006)
(Fig. 3a). However, several recent phylogenomic studies have
challenged this view. In particular, themonophyly of liverworts and
mosses (Setaphyta) iswell supported,with hornworts either sister to
Setaphyta (i.e. bryophyte monophyly) or to all land plants
(Renzaglia et al., 2000, 2018; Morris et al., 2018) (Fig. 3b,c).
The monophyly of bryophytes was further supported by the
analysis of over 1000 plant transcriptomes (Leebens-Mack et al.,
2019) and by three more studies using whole genome information
(Harris et al., 2020; Li et al., 2020; Zhang et al., 2020). Therefore,
there is mounting evidence that extant bryophytes are mono-
phyletic, with hornworts sister to a moss and liverwort clade
(Fig. 3c). The above-mentioned analyses rejected the hypothesis
that liverworts are sister to all other extant land plant lineages as
proposed by Qiu et al. (2006).
By contrast, hornwort phylogeny is less controversial. Tradi-
tionally, a series ofmorphological characterswere used for resolving
hornwort phylogenies: thallus shape, chloroplast number per cell,
presence and morphology of pyrenoid, stomata and colour of the
spore wall (Cargill et al., 2005). Several recent molecular analyses
have provided more robust insight into hornwort phylogenetic
relationships and pointed to the limitations of morphological
characters in clarifying relationships (Duff et al., 2007; Villarreal &
Renner, 2012, 2013). Hornworts comprise 11 genera:
Leiosporoceros, Anthoceros, Folioceros, Paraphymatoceros,
Phaeoceros, Notothylas, Phymatoceros, Phaeomegaceros, Nothoceros,
Megaceros and Dendroceros, that are placed into five orders:
Leiosporocerotales, Anthocerotales, Notothyladales, Phymato-
cerotales and Dendrocerotales (Fig. 3d) (Villarreal & Renner,
2012). Leiosporoceros is sister to all other hornworts and the
Anthocerotaceae, which includes Anthoceros and Folioceros, is sister
to the remaining taxa (S€oderstr€om et al., 2016). A single and recent
(< 1 million years ago (Ma)) origin of the European A. agrestis has
been suggested (Dawes et al., 2020) (Fig. 3e).
IV. Hornwort development
All extant representatives of streptophyte algae, the sister group to
land plants, possess a haplontic life cycle in which mitotic divisions
are restricted to the haploid phase that produces gametes and the
diploid phase is represented by a single cell (zygote) undergoing
meiosis. By contrast, mitotic divisions occur in both haploid and
diploid phases of all land plants leading to the alternation of
multicellular haploid and multicellular diploid phases, referred to
as a haplodiplontic life cycle. In contrast to the dominant
gametophyte and dependent sporophyte in bryophytes, the free-
living sporophyte in tracheophytes has progressively increased in
complexity, with the gametophyte reduced to just a few cells in seed
plants. In flowering plants, the male and female gametophytes are
represented by the pollen and the embryo sac, respectively (Niklas
& Kutschera, 2009).
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Because all extant taxa of streptophyte algae are haplontic, it is
assumed that the origin of the haplodiplontic life cycle and that of
the multicellular sporophyte phase are tightly linked to the
evolution of land plants (Langdale, 2008; Bowman et al., 2016;
Kenrick, 2018). The land plant sporophyte has undergone major
morphological and physiological changes during evolution (Har-
rison, 2017; Sz€ovenyi et al., 2019). In the bryophyte lineage this
generation is developmentally simple and unbranched while in the
tracheophyte lineage it is a highly variable and often elaborate plant
body with a wide array of organs and tissue systems. Because
hornworts are sister to Setaphyta and sporophytic features of the
three bryophyte clades are highly divergent, hornworts are key to
revealing shared sporophytic characters with Setaphyta, and




Fig. 3 Phylogeny of land plants and hornworts. (a–c) Competing hypotheses about the phylogenetic position of hornworts among land plants. (a) Liverworts,
mosses and hornworts are successive sister lineages to tracheophytes (Qiu et al., 2006). (b) Hornworts are sister to all other land plants with liverworts and
mosses monophyletic (Wickett et al., 2014). (c) Monophyletic bryophytes with hornworts sister to Setaphyta that include mosses and liverworts (Renzaglia
et al., 2018; Li et al., 2020). (d) Phylogeny of hornworts based on Villarreal & Renner (2012); numbered circles next to the names in the phylogenetic tree
correspond to species example images below. Phaeoceros photo credit: John Baker, University of Oxford (2020). The presence and/or absence of stomata
and pyrenoid is indicated next to each genera name. *Exception: stomata absent in Folioceros incurvus (Renzaglia et al., 2009; Villarreal & Renner, 2012).
(e) Phylogeny of the Anthoceros agrestis/Anthoceros punctatus group based on Dawes et al. (2020).
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the common ancestor of bryophytes. Moreover, hornworts are
critical to better understand the evolutionary mechanisms leading
to the increased complexity and dominance of the sporophytic
phase in tracheophytes (Villarreal&Renzaglia, 2015). To facilitate
future evolutionary studies focusedon early landplants, we describe
the anatomy and development of the hornwort gametophyte and
sporophyte phases in the sections that follow. Comparisons are
made with the model liverwortM. polymorpha and the model moss
Physcomitrium patens (formerly Physcomitrella patens), and our
current understanding of the genetic control of development in
these plants is discussed.
1. Gametophyte
In the A. agrestis gametophyte there are multiple wedge-shaped
apical cells (stem cells) with four cutting faces in notches around the
thallus (Fig. 4). Derivatives from the apical cells divide and form a
flattened orbicular gametophyte with clearly defined dorsal and
ventral sides (Renzaglia, 1978) and wavy margins. Dorsal deriva-
tives give rise to the gametangia (Fig. 2h,m) and upper thallus while
ventral derivatives form the rhizoids, Nostoc cavities and lower
thallus region (Figs 2c,e, 8). Lateral derivatives produce tissue that
‘fuses’ adjacent growing notches forming the rosette. In the model
liverwortM. polymorpha the thallus has a single apical notch (or two
if branching), and basal (ventral and dorsal) derivatives dividemore
than the two lateral derivatives, making the thallus to elongate and
form a dichotomously branched strap-shaped gametophyte (Shi-
mamura, 2016).
In themodel moss P. patens, gametophyte development involves
the production of filamentous protonemata directly from germi-
nating spores. Protonemata grow from their tips, and side-branch
initial cells differentiate into buds that develop single tetrahedral
apical cells that divide to produce leafy shoots called gametophores
(Kofuji & Hasebe, 2014). Each derivative from the three cutting
faces of the apical cell produces a leaflet giving rise to the spiralled
arrangement of leaflets on the gametophore (Renzaglia et al., 2018).
Several studies have attempted to shed light on gametophytic
growth of bryophytes by focusing on the role of CLAVATA3/
EMBRYO SURROUNDING REGION-related (CLE) and
CLAVATA1 (CLV1) genes. CLE genes are found in all land plants
studied (but not in charophytes) (Fig. 5) and can be categorized
into two major subclasses: TRACHEARY ELEMENT
DIFFERENTIATION INHIBITORY FACTOR-like (TDIF-like)
and CLAVATA3-like (CLV3-like) (Hirakawa & Bowman, 2015;
Hirakawa & Sawa, 2019). TDIF-like peptides regulate stem cell
maintenance in the vasculature (Hirakawa et al., 2008) while
CLV3-like peptides control stem cell maintenance in the shoot
apical meristem (SAM) and partly in the root meristem (Barton,
2010; Kim et al., 2017). TDIF and CLV3 act via receptors:
TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY
FACTORRECEPTOR (TDR) forTDIF andCLAVATA1 forCLV3
(Hirakawa & Sawa, 2019).
The genome of M. polymorpha has two CLE homologues,
MpCLE1/TDIF and MpCLE2/CLV3, as well as homologues of
their respective receptors, MpTDR andMpCLV1.MpCLE1 and its
receptor geneMpTDR are expressed in distinct patterns across the
gametophyte apical notch and act as a negative regulator of
gametophytic apical cell meristematic activity (Hirakawa et al.,
2019). In the moss P. patens, there are nine (Goad et al., 2017;
Whitewoods et al., 2018;Whitewoods, 2020) potential CLE genes
(Fig. 5) and two CLV1 genes. All CLE genes belong to the CLV3-
like subclass while genes of theTDIF-like subclass are absent. Three
CLE genes and their receptors PpCLV1a, PpCLV1b and PpRPK2
are co-expressed in the gametophyte shoot regulating orientation of
stem cell division planes during the transition from two- to three-




Fig. 4 Anthoceros agrestis gametophyte
apical growth. (a) Surface view of A. agrestis
gametophyte. Arrows indicate apical notches.
Bar, 1.0 mm. (b) Light microscopy (LM)
surface view of apical notch (yellow
arrowhead) showing row of apical cell and
immediate derivatives and single chloroplasts
in older cells. Bar, 50 lm. (c) LM surface
section of apical notch covered by mucilage
(red arrowhead). Bar, 50 lm. (d) LM
transverse section of thallus showing four
rectangular cells that include the apical cell
(red arrowhead) and three immediate
derivatives in a growing notch covered by
mucilage. The more abundant cells on either
sideare fromdivisions in the lateral derivatives.
Bar, 50 lm. (e) Schematic representation of
gametophyte apical cell (pink) with four
cutting faces and four derivatives (blue).
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The role of CLV1 in regulating cell division plane orientation in
P. patens has been shown to be shared with Arabidopsis thaliana but
not with M. polymorpha. A. agrestis has one TDIF-like and one
CLE-encoding gene and a single CLV1 (Fig. 5) and it can be
speculated that they may play a role in gametophyte growth
regulation similar to other bryophytes.
Additional genes seem to be part of the network regulating apical
cell development in P. patens, such as theDEFECTIVE KERNEL 1
(DEK1) (Perroud et al., 2020) and the NO GAMETOPHORES 1
(NOG1) (Moody et al., 2018), and genes encoding polycomb
group (PcG) and PIN proteins (Bennett et al., 2014). For example,
the P. patens Fertilization Independent Endosperm (PpFIE) gene,
which encodes a PcG protein, is expressed only in the gametophyte
apical cells and in cells that undergo fate transition. In the absence
of PpFIE, gametophore meristems overproliferate but also fail to
further develop and reach the reproductive phase. This illustrates
the key role of PpFIE in the regulation of differentiation and
proliferation of gametophytic stem cells in P. patens (Mosquna
et al., 2009). Similar observations were made on knockouts
involving the P. patensCURLY LEAF (CLF), another PcG protein
(Okano et al., 2009). A. agrestis has homologues ofNOG1,DEK1,
PpCLF and PpFIE (Li et al., 2020). To what extent these genes are
also involved in the regulation of gametophyte apical growth in
A. agrestis needs to be confirmed by functional studies.
2. Rhizoids
Tracheophytes have specialized, complex multicellular structures
on the sporophyte called roots that are involved in water and
nutrient uptake, anchoring the plant to a substrate and mediating
symbiosis (Jones & Dolan, 2012). Roots have outgrowths of
epidermal cells called root hairs that effectively increase the total
surface area for water absorption. Bryophytes, by contrast, lack
roots and have instead simple tip-growing filamentous cells, called
rhizoids (Fig. 2b,c) which are unicellular in hornworts and
liverworts but multicellular in mosses. Rhizoids and root hairs
serve a similar function, allowing nutrient absorption from the soil
and anchorage (Jones &Dolan, 2012). In all bryophytes including
hornworts, rhizoid development is restricted to the gametophyte.
All hornworts have unbranched rhizoids with the exception of
Megaceros and Nothoceros in which rhizoids branch at the tip
(Renzaglia, 1978).
Class 1 ROOT HAIR DEFECTIVE SIX-LIKE (RSL) genes
regulate root hair development in the sporophyte ofA. thaliana and
rhizoid development in the gametophyte of the bryophytes
M. polymorpha and P. patens (Menand et al., 2007; Catarino
et al., 2016; Proust et al., 2016). Similarly, LOTUS JAPONICUS
ROOTHAIRLESS1-LIKE (LRL) group XI basic helix–loop–helix
(bHLH) transcription factors also play a key role in the regulation
of root hair and rhizoid development in M. polymorpha, P. patens
and A. thaliana (Tam et al., 2015).
RSL–LRL genetic networks have been repeatedly deployed to
control rhizoid or root hair development in different land plant
groups during evolution. A. agrestis has a single class 1 RSL
homologue and two RLR homologues (Fig. 5). It is very likely that
the same set of genes regulate rhizoid development in A. agrestis. It
must be noted, however, that not all elements of the genetic
network that controls rhizoid development are likely to be
conserved. FEW RHIZOIDS1 (MpFRH1), a microRNA that
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Fig. 5 Key developmental genes of land
plants. Key genes controlling gametophyte,
embryo, sporophyte, rhizoid and stomata
development in bryophytes. Bottom:
phylogenetic relationships of the major
lineages of land plants illustrating the
monophyly of bryophytes, lycophytes, ferns,
gymnosperms and angiosperms
(tracheophytes) (Li et al., 2020).CLE, refers to
the number of CLE signalling peptide-
encoding genes. Kn, Klebsormidium nitens;
Aa, Anthoceros agrestis; Mp,Marchantia
polymorpha; Pp, Physcomitrium
(Physcomitrella) patens; Sm, Selaginella
moellendorffii; Af, Azolla filiculoides; Pa,
Picea abies; At, Arabidopsis thaliana.
Numbers in yellow boxes indicate the number
of homologues in the corresponding species
genome. Purple boxes with ‘x’ indicate the
absence of the homologue (Miwa et al., 2009;
Nystedt et al., 2013; Bowman et al., 2017; Li
et al., 2018, 2020; Whitewoods et al., 2018;
Zhang et al., 2020).
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has recently been identified (Honkanen et al., 2018; Thamm et al.,
2020). This demonstrated that the negative regulators of class 1
RSL genes, at least in liverworts, are different from those in
A. thaliana where class 1 RSL genes are negatively regulated by a
Class IV homeodomain-leucine-zipper protein, AtGL2 (Di
Cristina et al., 1996; Bernhardt et al., 2003; Lin et al., 2015).
3. Embryo
In hornworts, after fertilization the first division of the zygote is
parallel to the longitudinal axis of the archegonium (Fig. 6a)
(Renzaglia, 1978). This is unlike other bryophytes in which the
initial division is transversal. Leptosporangiate ferns also have
longitudinal first divisions in the zygote and this may be related to
hornworts and ferns having zygotes and embryos in an embedded
archegonium (Shaw & Renzaglia, 2004; Johnson & Renzaglia,
2009). Subsequent divisions give rise to the embryo, which is
composed of three tiers (Fig. 1a) (Ligrone et al., 2012). The first
(lowest) tier produces the foot early in development of the
sporophyte. The second (middle) tier gives rise to the meristematic
area of the sporophyte, referred to as the basalmeristem. Finally, the
third (top) tier gives rise to the tip of the sporophyte capsule. The
first- and the third-tier cells stop dividing early in sporophyte
development.
In P. patens FLORICAULA/LEAFY (FLO/LFY) is required for
the first cell division in the zygote (Maizel et al., 2005; Tanahashi
et al., 2005). Physcomitrella patens has two LFY genes, PpLFY1 and
PpLFY2 (Tanahashi et al., 2005), and in loss-of-function mutants
the zygote nucleus does not divide after fertilization. Notably,
P. patens LFY does not complement LFY mutants in A. thaliana,
indicating that LFY function in angiosperms has diverged from that
in bryophytes (Tanahashi et al., 2005). It has been demonstrated
that these differences in LFY function can be attributed to specific
amino acid substitutions in the DNA binding domain of the LFY
protein (Maizel et al., 2005).A. agrestis has a single LFY homologue
(Fig. 5) and its expression seems to be more pronounced in the
gametophyte stages (Li et al., 2020) unlike the predominantly
sporophytic expression in P. patens. Future functional analysis will
elucidate its potential role in embryo development in hornworts.
WUS-related homeobox (WOX) genes (Haecker et al., 2004)
regulate key aspects of plant development, such as stem cell
maintenance (Laux et al., 1996; Kamiya et al., 2003; Hirakawa
et al., 2010), and zygote and embryo development (Breuninger
et al., 2008; Ueda et al., 2011). WOX genes can be grouped into
three subclasses (Zhang et al., 2017; Wu et al., 2019): the
WUSCHEL (WUS) clade, WOX9 clade and WOX13 clade. All
WOX genes in the P. patens genome belong to the WOX13 clade
(van der Graaff et al., 2009). Physcomitrella patens zygotes lacking
activity of the two WOX13-like genes are unable to elongate and
initiate the apical cell of the embryo (Sakakibara et al., 2014). This
function is different from the A. thaliana WOX13 gene, which
promotes replum formation in the fruit (Romera-Branchat et al.,
2013), and WOX14, which promotes vascular cell differentiation
(Denis et al., 2017). The A. agrestis genome has fourWOX13 clade
members (Fig. 5). WOX13-like 1 is specifically expressed in
sporophytes while WOX13-like 2, 3 and 4 are expressed in both
the gametophyte and the sporophyte (Li et al., 2020) andmay have
diverse roles in stem cell maintenance and embryo development.
4. Sporophyte
A single gametophyte thallus can produce multiple sporophytes
(Fig. 2d). Similar to other bryophyte groups the hornwort
sporophyte is largely dependent on the gametophyte (Renzaglia
et al., 2000). The A. agrestis sporophyte grows from a basal
meristem (Fig. 6b–d) that continuously produces new sporophytic
tissue upwardly and eventually gives rise to spores and pseudoe-
laters. Spores mature progressively from the bottom to the top of
the sporophyte. The basal meristem remains active throughout the
entire life of the sporophyte (Renzaglia et al., 2009). At maturity,
the sporophyte is composed of (from the centre to the outer layer)
(Fig. 6c): the columella, sporogenous tissue, assimilative (photo-
synthetic) tissue and epidermis. The columella is important in
spore dispersal and is composed of 16 cells that are living until
sporophyte dehiscence (Fig. 6c,f,g). From the basal meristem
(Fig. 6d), two layers of cells begin to differentiate between the
columella and assimilative tissue, forming the archesporium that
gives rise to the sporogenous tissue, including spore mother cells
and sterile pseudoelaters (Fig. 6c,f,h,m). Sporogenesis begins with
the differentiation and enlargement of rounded spore mother cells
(Fig. 6c) that undergo meiosis and develop into the spores (Fig. 6j,
k,h). Pseudoelaters are interspersed among sporogenous cells; they
are multicellular and do not undergo meiosis (Fig. 6c,m). Spore
maturation involves the development of a three-layered spore wall
(Fig. 6l) that consists of a thin outer layer followed by a thick inner
layer with globular sporopollenin (called outer and inner exine
respectively), and an innermost layer (called intine) similar to the
primary cell wall in composition except that it contains callose
(Renzaglia al., 2020). The proximal spore surface (where spores of
the tetrad meet) has an aperture with thickened intine, which is the
site of germination (Fig. 6j,k,l). Spore tetrads are surrounded by the
sporemother cell wall until late in development when all wall layers
are compacted (Fig. 6l). Storage material in the spores consists of
protein and oils (Fig. 6l).
The basis of the sporophyte is surrounded by gametophytic
tissue called involucre (Fig. 6b,c) and is anchored in the gameto-
phyte by the bulbous foot that contains peripheral cells (called
haustorial cells) that elongate into gametophytic cells forming the
placenta (Fig. 6d,e). Unlike the vast majority of land plants, cell-
wall ingrowths typical of transfer cells in hornworts are restricted to
gametophyte cells of the placenta (Fig. 6d,e). Sporophyte hausto-
rial cells have thin smooth walls and penetrate the surrounding
gametophytic tissue, allowing efficient transfer of nutrients from
the gametophyte to the sporophyte (Fig. 6d,e; Ligrone & Renza-
glia, 1990).
InP. patens the sporophyte initially grows from an apical cell that
forms in the first few cell divisions of the embryo, but apical cell
activity ceases after c. 12 cell divisions (Sakakibara et al., 2008). A
newmulticellularmeristem, called the intercalary or setameristem,
is then formed in the middle of the sporophyte (Sakakibara et al.,
2008). Meristematic activity of the seta meristem terminates and is
followed by expansion of the sporangium or capsule. The
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sporophyte of the liverwortM. polymorpha does not possess a well-
defined meristematic region, and cell divisions occur throughout
the developing tissue (Shimamura, 2016). In tracheophytes, the
sporophyte grows from the SAM and root apical meristem, which
are composed of one, two or numerous stem cells (Harrison, 2017).
The mechanisms by which apical stem cell activity evolved in
tracheophyte sporophytes remain elusive. It has been hypothesized
that the tracheophyte SAM evolved from an embryonic apical
meristem, similar to that present in extant mosses (Albert, 1999).
Transcriptomic data suggest that tracheophytemeristemsmay have
evolved independently in lycophytes, ferns and seed plants (Frank
et al., 2015). It has also been hypothesized that the hornwort basal
meristem evolved into the tracheophyte SAM by displacement to
the shoot apex (Ligrone et al., 2012).
A series of studies have indicated that a small family of
transcription factors called KNOTTED1-LIKE HOMEOBOX
(KNOX) genes played a key role in the evolution of the land plant
sporophyte (Hay & Tsiantis, 2010). KNOX genes are found in all
green plant lineages, from chlorophytes to angiosperms. Insight
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colonized the land was provided by a study in the chlorophyte alga
Chlamydomonas reinhardtii (Lee et al., 2008). C. reinhardtii has
two types of gametes, plus and minus, that express the KNOX
protein GAMETE SPECIFIC MINUS 1 (GSM1) and the BELL
protein GAMETE SPECIFIC PLUS 1 (GSP1), respectively.
GSM1 and GSP1 proteins accumulate in the gametes, physically
interact with each other upon gametic fusion and translocate from
the cytosol to the nucleus to initiate zygote development.
KNOX genes have diversified into two subfamilies, class 1 and
class 2 (Fig. 5). The duplication leading to class 1 and class 2KNOX
genes occurred within the ancestor of land plants and charophytes
given that homologues for both classes have been identified in the
charophytes Spirogyra pratensis (Frangedakis et al., 2017) and
Klebsormidium nitens (Hori et al., 2014).
In P. patens class 1 KNOX genes acquired functions to control
meristematic activity in the sporophyte (Sakakibara et al., 2008;
Coudert et al., 2019) and class 2 KNOX genes evolved to maintain
the diploid state through suppression of the gametophytic
development programme (Sakakibara et al., 2013). Similar to
chlorophytes, land plant KNOX proteins function via the forma-
tion of heterodimers with BELL proteins. One of the four BELL
genes in P. patens, PpBELL1, is necessary and sufficient for
sporophyte development (Horst et al., 2016). In M. polymorpha a
class 1KNOXprotein is expressed in the egg and is necessary for the
formation of the zygote via interaction with two paternally
inherited BELL proteins (MpBELL3 and/or MpBELL4) (Dier-
schke et al., 2020), a function similar to the KNOX function in
C. reinhardtii. The class 1 KNOX, another MpBELL1 and class 2
KNOX genes, are also upregulated in the developing sporophytes of
M. polymorpha, suggesting a role in sporophyte development
(Frank & Scanlon, 2015; Flores-Sandoval et al., 2018; Hisanaga
et al., 2020). Collectively, these observations indicate that the
ancestral mechanism to initiate zygote development in
C. reinhardtii was retained in M. polymorpha but also diversified
to control sporophyte development in bothM. polymorpha similar
toP. patens. The function ofKNOX genes further diversified during
the evolution of tracheophytes to control shoot meristem estab-
lishment and maintenance as indicated by studies in the lycophyte
Selaginella kraussiana and A. thaliana (Harrison et al., 2005).
Hornworts have only a singleKNOX gene that belongs to the class 2
subfamily and a single BELL gene (Fig. 5). The presence of a single
KNOX gene in the hornwort A. agrestis is an intriguing finding
given that other bryophytes and charophytes carry both class 1 and
2 KNOX genes. A possible scenario is that the absence of class 1
KNOX genes in A. agrestis represents a secondary loss within
hornworts, or at least within the genus Anthoceros. The function of
class 2 KNOX genes in A. agrestis is unknown and may be key to
understanding how the function of class 1 and 2 genes has
diversified during land plant evolution.
5. Stomata development
Most hornworts have stomata on their sporophytes (Figs 2k,n, 6c).
Recent studies suggest that stomata in hornworts are involved in
sporophyte dehydration and spore dispersal (Renzaglia et al., 2017;
Pressel et al., 2018). Stomata develop at the base of the sporophyte
and initially consist of two guard cells covering a liquid-filled
intercellular space (ICS) (Duckett&Pressel, 2018).Opening of the
pore occurs near the base of the sporophyte before the guard cell
wall thickens, which allows the liquid inside the ICS to evaporate,
favouring the dehydration and dehiscence of the sporophyte
(Fig. 6c,i). There is still an open debate on the different functions of
stomata between tracheophytes and bryophytes. Tracheophytes
have gas-filled ICSs, surrounded by guard cells which open and
close in response to environmental cues, preventing water loss and
optimizing CO2 assimilation. By contrast, stomata of hornworts
remain open after the pore is formed and they die and collapse
before spore maturation (Merced & Renzaglia, 2017; Renzaglia
et al., 2017). It is hypothesized that this allows for the evaporation
of the liquid inside the ICSs and to promote spore maturation and
Fig. 6 Anthoceros agrestis embryo and sporophyte. (a) Differential interference contrast image of embryowith first longitudinal division (yellow arrowhead).
Bar, 10 lm. (b) Sporophyte. Sporesmature progressively from the bottom to the top of the sporophyte. Involucre indicated with black arrow. Bar, 0.5 mm. (c)
Schematic representation of sporophyte. The sporophyte has a foot, a basal meristem, the columella, a spore layer with pseudoelaters (for spore dispersal), a
multicellular assimilative layer and stomata. Successive stages of stomata development are shownnext to the sporophyte.Opening of the pore occurs near the
base of the sporophyte then guard cells wall thickens, and guard cells collapse toward the upper part of the sporophyte, allowing dehydration and dehiscence
into two valves. Involucre indicatedwith black arrow.Numbered circles indicate the relative position on the sporophyte that corresponds to the cartoons on the
right of panel: 1, schematic representation of longitudinal section directly above the foot showing the basalmeristemanddifferentiating sporogenous tissue; 2,
schematic representation of transverse section showing, from centre to outside, columella, spores, pseudoelaters, assimilative tissue, epidermis and stomata
with substomatal cavities. (d) Lightmicroscopy (LM) longitudinal sectionofbulbous foot andbasalmeristemsurroundedby the involucre. Theplacenta consists
of elongated haustorial foot cells adjacent to small gametophyte cells. Bar, 50 lm. (e) Enlargement of placental cells in (d) showing smooth-walled haustorial
cells (red arrowhead) intermixed with gametophyte cells (orange arrowhead) with conspicuous cell wall ingrowths (orange arrowhead). Bar, 10 lm. (f) LM
longitudinal section of archesporial tissue (orange arrowhead) surrounding columella (red arrowhead) directly above the basal meristem. Bar, 20 lm. (g)
Transmission electron microscopy (TEM) image of columella in cross-section showing 49 4 arrangement of the 16 living cells that contain dense cytosol and
chloroplast (yellow arrowhead). Bar, 4.0 lm. (h) LM section showing sporemother cells (red asterisks)with three of four large starch-filled plastids in four poles
and central nucleus preparing for meiosis. Bar, 20 lm. (i) TEM of dying and collapsing stoma (brown in (c)) showing thickenedwalls, inner and outer ledges of
guard cells, and substomatal cavity. This section is on the polar end of the guard cells, away from the pore. Bar, 5 lm. (j) Scanning electron microscopy of a
proximal surfaceof sporewithadefined triletemark.Bar,10 lm. (k)TEMof spore ina tetrad still surroundedby the sporemother cellwall showing three-layered
wallwith ornamentation. The aperture on the proximalwall where spores in a tetradmeet each other has a thick intine and includes the triletemark (red arrow).
Bar, 4.0 lm. (l) TEMofmature sporewall composed of outer exine (orangearrow), thick inner exinewith compressed globular sporopollenin (green arrow) and
thin intine that is much like a primary cell wall (red arrow). Protein bodies fill the spore (pink arrow). Bar, 0.5 lm. (m) LMof dissected columella with elongated
multicellular pseudoelaters attached. Bars, 25 lm.
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dispersal. Hornwort stomata lack physiological responses to
exogenous signals such as ABA, water availability and CO2 (Pressel
et al., 2018). The small changes in the size of the aperture are
probably the result of desiccation and not active closing of the pore.
The different composition of guard cell walls in hornworts
compared with A. thaliana supports the inability of hornwort
stomata to regulate opening and closing of the pore (Merced &
Renzaglia, 2019).
Stomatal development is regulated by a set of genes inA. thaliana
(Chater et al., 2016, 2017), including the bHLH transcription
factors SPCH,MUTE andFAMA (SMF), ICE/SCREAM(SCRM),
the signal peptide EPIDERMAL PATTERNING FACTOR (EPF),
and its receptors ERECTA and TOO MANY MOUTHS (TMM)
(Chater et al., 2016; Lee & Bergmann, 2019). The origin of
stomata (single ormultiple) and the evolution of the developmental
mechanism/functionality of stomata across land plants remain a
topic of debate (Chater et al., 2017; Renzaglia et al., 2020).
Recently, it was hypothesized that the common ancestor of
embryophytes possessed the core genetic toolkit for stomata
development, which were then lost or reduced during the evolution
of bryophytes (Harris et al., 2020). A gene encoding a protein
similar to SPCH/MUTE/FAMA/SMF was present in the common
ancestor of embryophytes. A duplication event led to its divergence
into a SPCH/MUTE and a FAMA/SMF clade. The FAMA/SMF
clade further diversified into a FAMA and an SMF clade before the
divergence of tracheophytes and bryophytes. SMF was lost in most
tracheophytes whereas FAMA and SPCH/MUTE were lost in all
bryophytes (Harris et al., 2020). ERECTA, SCRM, EPF and TMM
homologues were also present in the common ancestor of
embryophytes Harris et al., 2020). In line with this hypothesis,
orthologues of SMF, SCRM, ERECTA, EPF and TMM are present
inA. agrestis (Fig. 5). SMF, SCRM,TMM and EPF are expressed in
the sporophyte, suggesting that they may have similar roles in
stomata development (Li et al., 2020). Genetic studies in A. agrestis
will help to elucidate the evolution of stomata in hornworts and
across land plants.
V. The hornwort chloroplast
1. Monoplastidy
Chloroplasts evolved from an endosymbiotic event between a
eukaryotic host and a photosynthetic prokaryote, more than 1
billion years ago (Jensen & Leister, 2014). Unique amongst land
plants with the exception of a small number of lycophyte species, all
hornworts have one (or just a few) chloroplast(s) per cell (Fig. 7)
(Vaughn et al., 1992; de Vries&Gould, 2018; Liu et al., 2020). All
other land plants have several chloroplasts per vegetative cell. The
increase in number of chloroplasts per cell and the subsequent
reduction in their size increases the surface area to volume ratio of
the chloroplast, which leads to an enhanced photosynthetic
efficiency (Xiong et al., 2017). Another hypothesis states that
many small chloroplasts allow movement and rearrangement
within the cell for more effective light acclimatization (Trojan &
Gabrys, 1996; K€oniger et al., 2008), and reduces the chance of
damage to the photosystem II (PSII) complex under high-light
conditions (Park et al., 1996). If one organelle is damaged, a cell has
many more chloroplasts as back-up. The evolution of multiple
chloroplasts per cell (polyplastidity) is poorly understood. The
complete loss of the peptidoglycan (PG) layer of the chloroplast
might be linked to the switch from mono- to polyplastidy in land
plants, but it cannot be the only driving factor because the PG layer
is absent in rhodophytes (Grosche & Rensing, 2017), which are
predominantly monoplastidic. Hornworts are therefore a key
group in understanding the evolution of polyplastidy in land
plants.
Unlike the evolution of the mechanism that led to polyplastidy,
the molecular mechanisms of plastid division in land plants is well
understood (Fig. 7b) (Okazaki et al., 2010; Chen et al., 2018). Cell
division, both mitosis and meiosis, in hornworts involves plastid
divisions that are closely linked to the nuclear division (Fig. 7d,e)
(Brown&Lemmon, 1990, 1993). Inmeiosis, the large starch-filled
plastids migrate to the four poles and form the focal points for the
Fig. 7 Anthoceros agrestis chloroplast. (a) Schematic representation of theChlamydomonas reinhardtii carbon-concentratingmechanism (CCM)model. The
carbonic anhydrase (CAH2) converts CO2 into HCO3
 (dicarboxylate (DIC)) in the periplasmic space. DIC is pumped across membranes via DIC transporters
localized in the plasmamembrane (low-CO2 inducible 1 (LCI1) and high light activated 3 (HLA3)), the chloroplast envelope (low-CO2 inducible A (LCIA)) and
the thylakoid membrane (low-CO2 inducible 11 (LCI11), Cre16.g662600 and Cre16.g663400). The carbonic anhydrase 3 (CAH3) in the thylakoid lumen
convertsHCO3
 intoCO2. supplied toRubisco. EPYC1acts as gluebetweenRubiscounits in thepyrenoid. The low-CO2 inducibleB andC (LCIB/C)proteins are
thought to form amolecular ‘ring’ around the pyrenoid that acts as a barrier to CO2 leakage transferring CO2 back to the thylakoid via theDIC pumps. (b) Top
left boxes, genes of prokaryotic origin (in blue) and genes of land plant origin (in green) involved in chloroplast division inArabidopsis thaliana. Genes absent in
A. agrestisgenomeare ingrey. Top right andbottom: schematic representationof the keyelementsof chloroplast divisionmachinery inA. thaliana (Chenet al.,
2018). FtsZ1 and FtsZ2 self-assemble and then recruit ARC6, PARC6, PDV1, PDV2andDRP5B, forming a ring around the chloroplast thatmediates its division.
IE, inner envelope; OE, outer envelope. (c) Surface view of sporophyte showing chloroplasts. Bar, 100 lm. (d) Light microscopy (LM) section of spore mother
cell with plastids (three out of four visible) at poles indicated with asterisks. Bar, 15 lm. (e) LM of spore mother cell stained with DAPI showing DNA in central
nucleus andplastids (orange arrowhead). Bar, 15 lm. (f) Cells of younggametophyte tissuewith a single chloroplast and central pyrenoid surroundedby starch
grains. Bar, 10 lm. (g) Cells of mature gametophyte tissue with single chloroplasts that have several protrusions that are probably stromules (orange
arrowhead). Bar, 50 lm. (h–k) Transmission electron microscopy of chloroplasts of A. agrestis. (h) Chloroplast in an assimilative cell of sporophyte near
intercellular space, with pyrenoid (red arrowhead) traversed by thylakoids (orange arrowhead) and small grana (yellow arrowhead). Starch granules are
indicated by yellow arrowhead and thylakoids enlarged in (i) at yellow arrowhead. Bar, 2.0 lm. (i) Details of thylakoids and grana showing absence of end
membranes. Bar, 0.5 lm. (j, k) Sporophyte chloroplast in an assimilative cell near intercellular space traversed by channel thylakoids and grana stacks (yellow
arrowhead). Starchgrains are indicatedby anorangearrowhead. Pyrenoid is not in this nonmedian section. Bar, 500 nm. (k)Highermagnification (bar, 0.5 lm)
of region indicated in (j) showing channel thylakoids. Bar, 2.0 lm. (l) Confocal microscopy image of A. agrestis transgenic gametophyte. Green: green
fluorescent protein localized in the plasma membrane expressed under the CaMV 35S promoter. Red: chlorophyll autofluorescence. Orange arrowhead
indicates chloroplast protrusions likely tobe stromules. Bar,10 lm. (m)Confocalmicroscopy imageof agerminating sporehighlighting thewavy3Dstructureof
the chloroplast. Red, chlorophyll autofluorescence. Bar, 20 lm.
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quadripolar spindle (Fig. 7e). Throughout the process, plastid
DNA is visible and abundant (Fig. 7d). A series of genes are known
to be involved in plastid division machinery in A. thaliana,
including theFilamentous Temperature Sensitive Z 1 (FtsZ1), FtsZ2,
Accumulation and Replication of Chloroplast 6 (ARC6), Dynamin-
related protein 5B (DRP5B), Septum site-determining proteinMinC,
E andD, Plastid Division protein 2 (PDV2), Plastid Division protein
1 (PDV1),Multiple Chloroplast Division site 1, Paralogue of ARC6
(PARC6) andAccumulation andReplication of Chloroplast 3 (ARC3)
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PDV1, consistent with the current understanding that they
diversified after tracheophytes diverged, although A. agrestis also
lacks an FtsZ2 homologue (Fig. 7b) (Li et al., 2020). FtsZ2
knockoutmutants in P. patens andA. thaliana (Martin et al., 2009;
Schmitz et al., 2009) result in cells that contain a single chloroplast.
This raises the question of whether the lack of FtsZ2 in A. agrestis is
related to its monoplastidy. FtsZ2 is also absent in the streptophyte
algae Mesostigma viride, Chlorokybus atmophyticus and C. braunii
but not in K. nitens or Zygnematophyceae (Hori et al., 2014;
Nishiyama et al., 2018; Cheng et al., 2019;Wang et al., 2020). It is
possible that FtsZ2was present in the last common ancestor of land
plants and streptophyte algae and then was lost several times or that
FtsZ2 had independent origins.
Cells of mature gametophyte tissue have tubular protrusions on
the chloroplast, potentially stromules (Fig. 7g,l). Stromules have
been found to be involved in various functions such as protein
trafficking and effector-triggered immunity (Caplan et al., 2015;
Hanson & Hines, 2018).
2. The pyrenoid
Hornworts are the only land plant group that has pyrenoids
(Figs 3d, 7a,h) (Villarreal & Renner, 2012), which are otherwise
common in most unicellular algae (Meyer et al., 2017). The
pyrenoid is an unbound proteinaceous specialized compartment
within the chloroplast that is mainly composed of the enzyme
Rubisco (Meyer et al., 2017).
Most of our current understanding about pyrenoids is based on
studies in the alga C. reinhardtii. In aquatic environments a
carbon-concentrating mechanism (CCM) is necessary for Rubisco
to function efficiently because CO2 diffuses 10 000 times slower
in water than in air (Machingura & Moroney, 2018). The CCM
in C. reinhardtii (Fig. 7a) involves a carbonic anhydrase (CAH2)
in the periplasmic space that converts CO2 to bicarbonate
(HCO3
). Then transport proteins, both on the cell (low-CO2
inducible 1 (LCI1) and high light activated 3 (HLA3)),
chloroplast (low-CO2 inducible A (LCIA), Cre16.g662600 and
Cre16.g663400) and thylakoid (low-CO2 inducible 1 (LCI11))
membranes, pump bicarbonate (HCO3
) from the environment,
into the cell and into the chloroplast thylakoids (Wang et al.,
2015). In the chloroplast thylakoids, CAH3 converts HCO3
 to
CO2 (Aspatwar et al., 2018) resulting in an up to 50-fold increase
of CO2 concentration in the pyrenoids and improving the
photosynthetic efficiency of Rubisco. In the pyrenoid of
C. reinhardtii, Rubisco is scaffolded by the Essential Pyrenoid
Component 1 (EPYC1) protein (Mackinder et al., 2016), which
functions as a ‘glue’. The remaining proteins that compose the
algal pyrenoid include Rubisco-interacting proteins, photosystem
I (PSI) assembly factor candidates and inorganic carbon flux
components (Mackinder et al., 2017).
Onemain difference between the hornwort and algal chloroplast
is the presence of grana (Fig. 7h–k), stacked thylakoids that
compartmentalize chloroplast space, are enriched in PSII and allow
more efficient light capturing (Wilsenach, 1963; Burr, 1970;
Renzaglia et al., 2009). Grana in hornworts lack the highly curved
end membranes that are common in the chloroplast of other land
plants, suggesting biochemical differences (Fig. 7i) (Vaughn et al.,
1992). Another unique feature of the hornwort chloroplast is the
presence of thylakoids that connect adjacent grana, at a right angle
to the long axis of the granum, called channel thylakoids. Channel
thylakoids function in separating space within the chloroplast
stroma (Fig. 7k) and are enriched in PSI. In the majority of
hornworts, pyrenoids have multiple subunits traversed by thy-
lakoids andmay be encircled by an outer starch sheath (Fig. 7h). In
A. agrestis, the pyrenoid in vegetative cells consists of lens-shaped
electron-dense units delineated by thylakoids and small grana
(Fig. 7h). On an anatomical level there is considerable variability in
chloroplasts across hornworts. A notable example is the epiphytic
Dendroceros that possesses star-shaped plastids with a large central
pyrenoid containing globular units. Pyrenoidless species include
Paraphymatoceros,Megaceros and someNothoceros (up to 14plastids
per cell). In Leiosporoceros, the sister taxon to the remaining
hornworts, the pyrenoidless chloroplasts have a central aggregation
of massive grana, which may represent the ancestral condition in
the clade.
Hornwort pyrenoids evolved independently from streptophyte
algae pyrenoids (Villarreal & Renner, 2012). Genomic and
transcriptomic data show that some C. reinhardtii CCM compo-
nents, such as the CAH3, the LCI11 and the low-CO2 inducible B
(LCIB) genes (Fig. 7a), have putative homologues in hornworts (Li
et al., 2020). In C. reinhardtii, LCIB proteins localize around
pyrenoids and are hypothesized to prevent CO2 leakage from the
pyrenoids (Yamano et al., 2010; Jin et al., 2016) (Fig. 7a).
However, several other C. reinhardtii pyrenoid-related genes, such
as EPYC1, are absent in the genome of A. agrestis. To what extent
hornwort pyrenoids share more common traits with streptophyte
algae pyrenoids remains to be explored.
3. RNA editing
Hornworts have one of the highest levels of chloroplast RNA
editing amongst all land plants studied to date (Kugita et al., 2003).
RNA editing is a form of nucleotide sequence alteration that occurs
at the transcriptional level in the chloroplast (Small et al., 2019).
RNA editing converts cytidines (C) to uridines (U) (C-to-U, called
canonical RNA editing) or uridines to cytidines (U-to-C, called
reverse editing) in mRNAs before their translation. As a conse-
quence, a sense codon can be converted into a more evolutionarily
conserved one or a start/stop codon to a sense codon (Tillich et al.,
2006). Organelles in A. agrestis feature high amounts of RNA
editing with altogether more than 1100 sites of C-to-U and 1300
sites of U-to-C editing (Gerke et al., 2019).
The nuclear genome also reveals over 1400 genes for PPR
proteins (Li et al., 2020). PPRproteins are a group ofRNA-binding
proteins which play critical roles in post-transcriptional gene
regulation in plant chloroplasts (Barkan & Small, 2014). Prelim-
inary data suggest that the few land plant lineages capable of reverse
editing have evolved special types of PPRproteins, providing strong
candidates for future studies (Gerke et al., 2019; Gutmann et al.,
2020).A. agrestisprovides an exceptional system to study the poorly
known mechanisms and the evolution of reverse editing in land
plants.
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Hornworts establish two types of symbiotic relationships: with
cyanobacteria andwith arbuscularmycorrhizal fungi (AMF) (Fig. 8).
1. Cyanobacteria symbiosis
Cyanobacteria are prokaryotes possessing the ability to perform
photosynthesis and to fix atmospheric nitrogen, thus providing the
host with usable nitrogen (Adams & Duggan, 2008). The earliest
evidence of cyanobacteria growing within the tissue of a land plant
comes from Aglaophyton major fossils (Krings et al., 2009). This
suggests that land plant–cyanobacteria associations are probably at
least 400 milion years old. Symbiosis of land plants with nitrogen-
fixing cyanobacteria is uncommon, but in hornworts endophytic
associations are ubiquitous (Fig. 8a–d,h) (Renzaglia et al., 2009).
The other bryophyte group that has an endophytic symbiotic
relationship with cyanobacteria are liverworts (Adams, 2002), but
(a)
(d)
(g) (h) (i) (j)
(e) (f)
(b) (c)
Fig. 8 Hornwort symbiotic relationships. (a) Surface view ofAnthoceros puncatus thallus colonized by cyanobacteria (yellow arrowheads). Bar, 450 lm. (b, c)
Hand sections ofA. punctatus thallus showing ellipsoidal cavities colonized by cyanobacteria. In (c) cyanobacteria indicatedwith red arrowhead. Bars, 100 lm
(b), 10 lm (c). (d) Lightmicroscopy (LM) section ofNostoc colony showing algal cells (red arrowhead)with intermingling gametophyte cells inA. agrestis. Bar,
10 lm. (e) LM surface view of ventral mucilage cleft (red arrowhead). Bar, 15 lm. (f) Longitudinal section of a mucilage cleft (red arrowhead) leading to small
intercellular spacenear apical notchofA. agrestis. Bar, 50 lm. (g) LMtransverse sectionof sporophyte showingguard cells in epidermis that lead to substomatal
cavities (redarrowhead).Guardcells are larger thanepidermal cells andhavedifferentially thickenedcellwallswith inner andouter ledgesandaredifferent from
the mucilage cleft cells in (f) that have evenly thickened walls. Bar, 50 lm. (h) LM showing surface view of a mucilage cleft and attracted cyanobacteria (red
arrowhead) just entering the cleft inPhaeoceros carolinianus. Bar, 20 lm. (i, j) Hornwort symbiotic relationshipwith arbuscularmycorrhizal fungi.Hand section
LM of P. carolinianus thallus cells with fungal hyphae (red arrowhead). Bar, 10 lm. (j) LM section of gametophyte cells containing vesicles (circles) and
arbuscules (masses of hyphae in cells). Bar, 20 lm.
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this is rare as it occurs in only two closely related genera: Blasia and
Cavicularia (Meeks, 1998). Cyanobacterial endosymbiosis is also
found in the water fern Azolla (Whitton, 1993), cycads (Lindblad
& Bergman, 2018) andGunnera (an angiosperm) (Bergman et al.,
1992).
Cyanobacteria that establish symbiotic relationships with plants
are primarily members of the polyphyletic genus Nostoc (Dodds
et al., 1995; Rai et al., 2002). Amongst all the land plant
associations with cyanobacteria, most of the research has been done
on hornworts, using A. punctatus (Fig. 8a–c) and the cyanobac-
terium Nostoc punctiforme as the study system (Meeks, 2003).
Recent transcriptomic data from both A. punctatus and A. agrestis
growing with or without N. punctiforme identified 40 candidate
genes that may play a role in the symbiotic relationship (Li et al.,
2020). Those genes include receptor kinases, transcription factors
and transporters.
2. Mucilage cleft
An innovation of the hornwort gametophyte was mucilage clefts
(Figs 2e, 8e,f,h). Mucilage clefts are usually two-celled epider-
mal structures that provide a pore for Nostoc cyanobacteria
symbionts to enter and lead to a small mucilage-filled cavity
(Renzaglia et al., 2009) (Fig. 8f). Superficially they bear a
resemblance to sporophyte stomata in that there are typically
two cells surrounding a pore (compare Figs 2n and 8e).
However, unlike guard cells, the cells surrounding the opening
in mucilage clefts are not specialized and lack cell wall ledges
and differential thickenings (Fig. 8f,g). Mucilage clefts are
ephemeral and once Nostoc cyanobacteria enter the cleft, the
epidermal cells increase in size and number and close the
opening to the outside (Renzaglia, 1978). The Nostoc and
gametophyte cells proliferate in synchrony, producing an
ellipsoidal colony with intermingling algal and hornwort cells
(Fig. 8a–d). The presence of pores in both generations of
A. agrestis resembles observations made on the fossil plant
A.major (Krings et al., 2009).
An EPF-like gene belonging to the EPFL4-6 clade was found
in the A. agrestis genome, which is specifically expressed in
gametophytes (Li et al., 2020). This raises the possibility that
the A. agrestis EPF-like gene is involved in mucilage cleft
formation, possibly controlling separation between cells to make
a pore and perhaps the production of a small ICS comparable
to the substomatal cavity.
3. Arbuscular mycorrhizal fungi
The symbiotic relationship with AMF (Fig. 8i,j) is a key innovation
underlying plant colonization of terrestrial environments. The
fungal endophytes of A. agrestis include Mucoromycotina and/or
Glomeromycota (Desiro et al., 2013; Villarreal et al., 2015). AMF
are present in themajority of extant land plants. Recent studies have
identified a series of genes in the angiosperms that regulate the
establishment and maintenance of AMF symbiosis. All the key
angiosperm AMF symbiosis genes have orthologues in the
A. agrestis genome (Li et al., 2020).
VII. Photoreceptors
Hornworts harbour a unique chimeric photoreceptor called
neochrome, that is composed of a red/far-red-sensing module
from the phytochrome and a blue-sensing phototropin (Li et al.,
2014, 2015a,b). Neochrome was initially discovered in ferns
(Nozue et al., 1998) and was considered a key innovation enabling
ferns to diversify in the low-light angiosperm canopies (Kawai et al.,
2003; Schneider et al., 2004). Through transcriptome- and
genome-mining, Li et al (2014) found that among land plants,
neochrome is restricted to ferns and hornworts, and they demon-
strated that fern neochrome sequenceswere phylogenetically nested
within those of hornworts. Such a nested relationship suggests that
the fern neochrome was horizontally acquired from hornworts.
Interestingly, hornwort phototropin lacks introns, similar to
neochrome but unlike all other phototropin genes that typically
have > 20 introns (Li et al., 2014, 2015b). This implies that
neochrome probably originated in hornworts, possibly through a
retrotransposition event.
The function of neochrome in hornworts is unknown. In ferns,
neochrome integrates red/far-red and blue light to orchestrate
phototropism and chloroplast relocation. However, no pho-
totropic response has been recorded in hornworts, and because
most cells contain only a single chloroplast that occupies a large
portion of the cellular space, it is unclear how directional
chloroplast movement is possible or even necessary. By contrast,
hornwort chloroplasts can contract and expand in response to light
intensity (Burr, 1969; Li et al., 2014); whether this is mediated by
neochrome awaits future studies.
VIII. Conclusions
The development of A. agrestis as a hornwort experimental system,
the sequencing of its genome and the availability of genetic
manipulation methods will greatly facilitate efforts towards a more
comprehensive study of the mechanisms underpinning land plant
evolution. It will also provide detailed understanding of hornwort
biology.
Synthetic biological approaches (Liu & Neal Stewart, 2015;
Benning&Sweetlove, 2016) can also be used to engineer hornwort
traits in crops. Engineering pyrenoids, for example, into plantswith
agronomic value has the potential to increase carbon fixation and
therefore increase crop yield (Li et al., 2017). Similarly, the
hornwort–cyanobacteria symbiosis may hold the key to engineer-
ing crops with enhanced yield without increasing the amount of
synthetic fertilizer. It is envisaged that detailed insights into the
biology of hornworts have great potential to contribute to various
fields of synthetic biology.
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